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We demonstrate a simple scheme allowing to perform 
distributed Brillouin Phase Shift (BPS) measurements 
with very high spatial resolution (~ 7 cm) over long (~ 4.7 
km) optical fibers. This is achieved by inserting a Sagnac 
interferometer (SI) in a Brillouin Optical Correlation 
Domain Analysis (BOCDA) configuration. Over its 
already-presented time-domain equivalent (SI-BOTDA), 
this approach reduces the main source of noise (coherent 
backscatter noise) thanks to the low-coherence nature of 
the used signals. On the other hand, over the most usual 
schemes used for distributed BPS measurements, this 
implementation presents the key advantage of not 
requiring high-bandwidth detection or complex 
modulation, while reaching unprecedented values of 
spatial resolution and number of resolved points for this 
type of measurements. Thanks to the linear dependence 
of the BPS feature around the Brillouin Frequency Shift 
(BFS), this scheme could also have the advantage of 
requiring shorter scanning ranges than amplitude-based 
configurations. 
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Stimulated Brillouin scattering (SBS) in optical fibers offers a means for distributed temperature and strain monitoring [1]. When a coherent light beam is introduced on one end of the optical fiber, SBS manifests as two anti-symmetric counter-propagating frequency-shifted narrowband amplification and attenuation curves. The frequency offset of the two resonances from the input beam frequency is called the Brillouin Frequency Shift (BFS). The linear dependence with strain and temperature of the BFS has allowed developing Brillouin distributed fiber sensors. The Brillouin gain/loss spectra (BGS) entail an associated phase response called the Brillouin phase spectrum (BPS) [1]. Together with the BGS, the associated BPS varies as well its position with any inhomogeneity in the fiber, which makes it also suitable for sensing purposes [2]. Moreover, recently it has been demonstrated that, over homogeneous fibers, the spectral range required to 
achieve the same BFS determination error is smaller when using BPS instead of BGS [3]. We recently proposed a simple, baseband and filter-less measurement scheme (SI-BOTDA) to provide the distributed BPS feature in Brillouin optical time domain analysis (BOTDA) systems. The technique was based on using a Sagnac interferometer (SI) as a homodyne interferometer in a standard BOTDA structure [4, 5] The use of a dual sideband in this case allowed a convenient measurement of the BPS response using intensity-only measurements. Unfortunately, including a laser-driven SI within the BOTDA structure also increases very substantially the Rayleigh coherent backscatter noise [6] of the system. In this Letter, we demonstrate a simple scheme to perform BPS measurements with very sharp spatial resolution (~ 7 cm) over long (~ 4.7 km) optical fibers by inserting a SI in a Brillouin Optical Correlation Domain Analysis (BOCDA) configuration. To the best of our knowledge, this is the first demonstration of a time-gated BOCDA based on BPS measurements. Over its corresponding time-domain scheme (SI-BOTDA), this approach reduces several orders of magnitude the correlation noise thanks to the low-coherence nature of the used signals [6], while achieving resolution values that are two orders of magnitude better (cm-scale resolution and >67000 resolved points in this implementation). Moreover, the SI-BOCDA implementation presents the key advantage of not requiring high-bandwidth detection or complex modulation [2, 7-10], which are typical in distributed BPS measurements. In addition, thanks to using the BPS instead of the BGS, this scheme could also have the advantage of requiring shorter scanning ranges (particularly in uniform fibers) than BGS-based configurations [3]. As mentioned above, our proposal is based on a BOCDA configuration, specifically on a time-gated BOCDA scheme [11, 12]. The core of a high-resolution time-gated BOCDA is the correlated modulation of the interacting optical waves, pump and probe, which confines the Brillouin interaction to the correlation peaks, in a similar way to a conventional BOCDA. However, in the time-gated configuration the amplitude of the pump wave is also modulated by a single pulse to allow the location of multiple correlation peaks along the fiber, instead of only one. The length of the pump pulse cannot be longer than the separation between correlation peaks to allow for the isolation of a single peak at each position. Therefore, multiple correlation peaks can be simultaneously interrogated by performing a time-resolved measurement. Two different implementations have been typically 
used in these schemes: one in which the pump and the probe signals are jointly modulated by a sine wave [11] and another one in which a coded phase sequence is used [12].  Theoretically, considering the implementation in which a coded phase sequence is employed, the spatial resolution of the correlation peaks is on the order of 2gz v TΔ = , where gv is the group velocity of light in the fiber and T  is the symbol duration (typically much shorter than the phonon lifetime), and the interval between adjacent correlation peaks equals 
( ) ( )2 2g m gv f Mv T= , where mf  is the modulation frequency ( 1mf MT= ,M being the number of symbols of the sequence). Unlike the implementation in which a sine wave is employed, the unambiguous measurement range can thus be made arbitrarily long, while retaining a sharp spatial resolution zΔ . In our approach, we use a direct, low-depth modulation of the master laser using a coded sequence (i.e. without employing an external phase modulator as it is usually done [12]). This entails one major advantage over the coded phase approach (we avoid using a phase modulator and its associated driver) and one major drawback (the bandwidth of the modulating signal is not fully exploited, and the resolution does not correspond to the nominal resolution of the bit period). The position of each peak, except for the central one, is swept by changing the modulation frequency (or equivalently, T ) in order to obtain a measurement of the whole fiber. It should be taken into account that the position shift caused by the change of modulation frequency is proportional to the order of each peak. To reduce the step irregularity, a long delay fiber is placed in one of the arms of the scheme, so that the orders of the peaks within the FUT are high. Finally, the Brillouin spectrum at each correlation peak could be obtained by sweeping the pump-probe frequency shift around the BFS of the fiber.  
 Fig. 1: Scheme of a Brillouin distributed sensor with a Sagnac interferometer within the tested fiber. E01: Output electric field 1; E02: Output electric field 2; PC: Polarization Controller. ν0: pump frequency.  To obtain the BPS distribution along the fiber, we use a SI as a homodyne interferometer in the time-gated BOCDA setup previously described [4, 5]. A dual sideband probe wave is introduced in the SI using a 3x3 coupler. The two counter-propagating probe waves (Probe 1 and 2) travel in opposite directions within the fiber, thus interfering at the output of the remaining ports of the SI (Fig. 1). A certain non-reciprocal phase shift will arise between the two counter-propagating paths followed by the probe light in the SI. The SBS pump is made to co-propagate with Probe 1. Thus, only Probe 2 will experience the SBS 
process; the lower frequency band will be amplified while the upper one attenuated, both of them suffering the same non-reciprocal BPS. For the typical case of small gain, the outputs of the SI will depend only on the shape of the phase shift and not on the gain or attenuation (see the model developed in [5]). Our developed experimental setup (Fig. 2) is similar to the SI-BOTDA setup used in [5] except for the fact that a direct current modulation of the master laser is carried out, in this case driven by a PRBS (pseudo random bit sequence) generator. This modulation scheme relies on the non-ideal behavior (chirp) of semiconductor lasers with the applied current. In this case, the applied current modulation is extremely small in comparison with the bias current, leading to an almost phase-coded system with no major amplitude noise. This method is cheaper than conventional phase coding (as no external modulator or driver is required), however it provides a deteriorated resolution over the conventional method, related to the bandwidth limitations of direct current modulation of semiconductor lasers. As in most Brillouin sensor schemes, light from a single Distributed Feedback (DFB) laser diode at 1550 nm is used as a common source for both pump and probe waves. The generator clock rate (1 T ) is in the range of 10.024 GHz, and the code length is 152 1M = − . The symbol duration is slightly swept with a step of 10 KHz to move simultaneously 15 correlation peaks along the whole fiber length. The distance between correlation peaks is ~327 m. The frequency-modulated light is split into pump and probe branches. The probe wave is obtained through an intensity modulation of the master laser yielding a double side-band (DSB) probe spectrum with no carrier. The modulating frequency is chosen to sweep around the BFS of the FUT. ~ 1.9 mW probe sidebands are launched into the SI through the 3x3 coupler. As the position of the correlation peaks depends on the peak order, in the pump arm a ~ 50 km delay fiber is inserted to reduce the step irregularity. This means that relatively high-order correlation peaks (68th-83rd) are located in the optical fiber. Note that this delay line has no impact in terms of nonlinearities, as the pump power crossing the delay fiber is fairly small (in the sub-mW range). The pump light is amplitude-modulated into sharp square pulses of 70 ns (100 ps fall time) using a semiconductor optical amplifier (SOA) connected to a pulse generator. The pulses are then amplified by an EDFA. The pulse repetition period is 50 μs. An electro-optic microelectromechanical system (MEMS) switch is used to gate the pulses and ensure an overall extinction ratio (ER) higher than 80 dB. A band-pass optical filter (BPOF) is used to eliminate most of the amplified spontaneous emission (ASE) noise introduced by the EDFA. Upon entrance into the SI through the coupler, the pulses have a peak power of ~ 60 mW. The pulses are polarization-scrambled to reduce the polarization sensitivity of the SBS interaction.  Another SOA acting as a switch is placed within the SI, gated to block the residual pump power, appearing in the middle of the FUT temporal trace [5]. An AC signal proportional to the SBS phase shift can be extracted from either light channel at the output of the SI. These fields are then introduced into the positive and negative ports of a balanced detection system (100 MHz bandwidth) obtaining an increased amplitude in the Brillouin phase signal, while being robust to common-mode intensity noise [13]. The sampling interval of the oscilloscope is set to 4 cm (400 ps).  In order to analyze the performance of the above explained technique, interferometric time-gated BOCDA measurements have been carried out over a 4.7 km single-mode fiber (composed of  
 
 Fig. 2: Schematic drawing of the interferometric time-gated BOCDA. PRBS: Pseudo Random Bit Sequence; LD: Laser Diode; PM: Polarization Maintaining; SOA: Semiconductor Optical Amplifier; EDFA: Erbium Doped Fiber Amplifier; VOA: Variable Optical Attenuator; BPOF: Band-Pass optical Filter; PS: Polarization Scrambler; PC: Polarization Controller; FUT: Fiber Under Test.three spools of 4.2 km, 300 and 200 m).  The BFS of the spool of 4.2 km is ~ 10.88 GHz and the BFS of the other two spools is ~ 10.858 GHz (at 1550 nm).   In Fig. 3, two examples of ~ 1100 m of the temporal trace of the first fiber obtained at the output of the SI for a pump-probe frequency of 10.875 GHz (a) and 10.895 GHz (b) are depicted. It can be seen that, when the pump-probe frequency shift is lower than the average BFS of the optical fiber, the correlation peaks point downwards, while, when the pump-probe frequency shift is higher than the BFS, the correlation peaks point upwards. As mentioned, the signal at each correlation peak is proportional to the induced phase shift at that position, which can be positive or negative depending on the relative position of the probe sidebands with respect to the SBS resonance.  
 Fig. 3: Detail of ~ 1100 m (first optical fiber) of the temporal trace obtained for a pump-probe frequency shift of: a) 10.875 GHz and b) 10.895 GHz.  The performance of the setup as a temperature sensor has been finally evaluated by creating a 25 cm hot-spot at the end of the FUT (around 4.5 km) with a heating resistor attached. A high enough current is applied to heat the fiber up to ~70 °C. The probe wave is swept from 10.80 GHz until 10.95 GHz with a 1 MHz step, where each temporal trace is averaged 4096 times. Fig. 4 shows the results of temperature change around the hot-spot (red) in comparison with the same location in a room with a temperature of 28 ºC (green). The heated section shows a BFS at ~ 10.90 GHz offseted by ~ 42 MHz when compared to the rest of the fiber at 
room temperature. Considering a sensitivity of 1 MHz/ºC in the BFS, this gives us a temperature variation of ~42 ºC, which is in good agreement with the expected temperature difference.  
 Fig. 4: Experimental results of the phase profiles for a fiber region with normal temperature (28 ºC) and a heated region around ~ 25 cm hot-spot (located around 4.5 km).  To confirm the possibility of using this scheme to perform distributed BPS measurements, a full 3D map of the retrieved phase shape for the complete fiber length has been obtained. In Fig. 5, we depict a detail of 45 cm of this 3D map around the heated region (at 4.5 km). As it can be inferred from this figure, the hot-spot is correctly identified as being ~ 25 cm wide. The hot-spot has a transient distance of ~ 7 cm, pointing to the achievable spatial resolution of our sensor, which was confirmed by standard (gain/loss) BOCDA measurements. Note that the spatial resolution of our scheme is not as high as the one that could be obtained with a phase-correlation distributed Brillouin sensor using external modulation [12] under the same conditions (1 cm using ∼10 Gbps modulation). As mentioned, this limitation is related to the bandwidth limits of directly modulated semiconductor lasers. Nevertheless, the SI technique can still be successfully applied to any BOCDA sensor, not only to those directly modulated in frequency with a PRBS generator.  The evolution of the BFS along the optical fiber, from which the variations of temperature can be extracted, is usually obtained by 
performing a linear fit around the zero de-phase frequency region of the BPS locally measured at each fiber position [3]. In our setup, the number of scanned spectral points around the BFS employed to perform this fitting is 11 that corresponds to the use of a quarter of the full-width at half-maximum (FWHM) of the BGS with a sampling step of 1 MHz. The frequency uncertainty measured around the hot-spot is ~3.01MHz. Under these conditions the quadratic fitting over the BGS would provide a significantly higher BFS determination error (approximately two times the error using the BPS profile) as demonstrated in [3]. This may reduce the measurement time of specific high resolution BOCDA systems requiring a narrow frequency scanning (homogeneous fiber with small BFS variations).  
 Fig. 5: BPS sweep around 4.5 km of the fiber showing a 25 cm hot-spot presenting a BFS offset by ~42 MHz with respect to the unheated fiber. The probe signal frequency is swept from 10.80 GHz to 10.95 GHz, and the traces are acquired with 70 ns pump pulses. The number of averages is 4096.  It should be also highlighted that just utilizing a proper filtering process before the detector and linear combinations of the retrieved signals, the sensor could measure simultaneously the distributed BGS and BPS features which could eventually provide redundancy and increase the resilience of the system to BFS determination errors [14]. Lastly, it is interesting to compare this setup with its time-domain counterpart (SI-BOTDA) [5]. The SI-BOTDA had a significant shortcoming related to the presence of additional coherent Rayleigh noise in comparison with the standard BOTDA scheme. Interestingly, this noise, which is dominant in SI-BOTDA, can be substantially lowered by reducing the coherence length of the light source driving the system [6] (for example using a PRBS modulation of the input laser). To quantify this Rayleigh noise reduction, it is interesting to compare the normalized SNR in both cases (measuring the noise as the standard deviation of the difference among an ideal theoretical normalized phase spectrum and the measured one at the same position and under the same conditions [3]). The standard deviation computed over a 30-MHz window in this case is ~ 0.038, while it is ~ 0.077 in the SI-BOTDA scheme with a resolution of 2.5 m [5]. Consequently, it must be noted that the presented setup, despite having a spatial resolution approximately ~ 35 times lower (~ 7 cm) than the SI-BOTDA system (~ 2.5 m), presents a normalized SNR similar to the other scheme. Actually the correlation scheme 
presents a twofold improvement in SNR simply due to the fact that the noise is decreased proportionally to avgN  , and avgN (the number of averages performed on the time traces) is 4 times greater in the present setup (4096) than in the SI-BOTDA scheme (1024).  In summary, the present contribution demonstrates the proof of concept of a time-gated BOCDA capable of delivering BPS measurements by just introducing a SI in the scheme. The presented technique is, to the best of our knowledge, the first demonstration of a phase-measuring time-gated BOCDA. The fundamentals of the technique have been described and validated through experimental measurements. In contrast to the most usual schemes used for distributed BPS measurements, this setup presents the key advantage of not requiring high-bandwidth detection, complex modulation or sharp filtering, while reaching unprecedented values of spatial resolution (~ 7 cm) and number of resolved points (~ 67143) for distributed BPS measurements. In addition, in terms of coherent Rayleigh backscatter noise, the present method yields an important improvement when compared to our previous time-domain BPS measuring approach [5] owing to the low-coherence nature of the used signals.   
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